An intracranial aneurysm (IA), which results in a subarachnoid hemorrhage with a high mortality on rupture, is a major public health concern. To identify genetic susceptibility loci for IA, we carried out a multistage association study using genome-wide single nucleotide polymorphisms (SNPs) in Japanese case-control subjects. In this study, we assessed evidence for association in standard approaches, and additional tests with adjusting sex effects that act between genetic effect and disease. Consequently, five SNPs (P¼1.31Â10 À5 for rs1930095 of intergenic region; P¼1.32Â10 À5 for rs4628172 of TMEM195; P¼2.78Â10 À5 for rs7781293 of TMEM195; P¼4.93Â10 À5 for rs7550260 of ARHGEF11; and P¼3.63Â10 À5 for rs9864101 of IQSEC1) with probabilities of being false positives o0.5 were associated with IA in Japanese population, and the susceptibility genes could have a role in actin remodeling in the ELN/LIMK pathway. This study indicates the presence of several susceptibility loci that deserve further investigation in the Japanese population.
INTRODUCTION
Intracranial aneurysm (IA) (MIM105800) is a cerebrovascular disease and has a reported prevalence of 3-6%. As the rupture of an IA leads to subarachnoid hemorrhage (SAH), which often results in death or severe physical disability, the disease is considered to be a major public health concern. [1] [2] [3] Much of the etiology of IA still remains unknown, but subjects with a family history of IA have a higher risk of being affected by IA, suggesting that some genetic components contribute to predisposition to developing an IA. Previously, we conducted a genome-wide linkage study in affected Japanese sib pairs 4 and showed through subsequent association studies that the single nucleotide polymorphisms (SNPs) of ELN and LIMK1 on chromosome 7 was significantly associated with IA. 5 We also discovered one SNP of LOXL2 on chromosome 8 associated with IA, and a possible genegene interaction of LOXL2 with ELN/LIMK1. 6 Other loci of the linkage analyses in the Japanese population include 14q23, replicated by an association study. 7 In other ethnic groups, the perlecan gene (HSPG2) at 1p36.1-36.4, 8 the versican gene (CSPG2) at 5q14.3 9 and Kallikrein at 19q13 10 have been proposed as susceptibility genes for IA by case-control association study, among others.
Genome-wide association studies (GWASs) on complex diseases using high-density SNP arrays have recently been exemplified by a number of groups. 11, 12 In a previous study, a multicenter collaboration regarding IA genetics led to complete a multistage GWAS that identified common variants that contribute to IA formation in three large cohorts: a Finnish cohort of 920 cases and 985 controls, a Dutch cohort of 781 cases and 6424 controls and a Japanese cohort of 495 cases and 676 controls. 11 Consequently, common SNPs with odds ratios (ORs) of 1.22-1.36 on chromosomes 2q, 8q and 9p were identified and showed significant association with IA. Because the three loci account only for a small fraction of the genetic variance underlying IA, it remains a challenge to identify another genetic variant such as common variants with population-specific impacts on the risk of IA.
Intracranial aneurysm is most likely to have a multifactorial etiology, involving complex interactions of genetic and environmental risk factors. Smoking habits, hypertension, frequent alcohol intake and female gender are known risk factors for aneurysm formation and subsequent SAH. [13] [14] [15] [16] There is a possibility that these nongenetic risk factors might hinder the identification of genetic effects. Therefore, in the case of evaluating genuine genetic effects of SNPs contributing to IA, we first dealt with the interaction of SNPs with the invariable risk factor, female gender, at a genome-wide level, rather than those with other modifiable lifestyle factors such as smoking habits.
To gain a more comprehensive understanding of IA pathogenesis, we carried out a multistage association study using genome-wide SNPs in Japanese case-control data sets. For this purpose, we conducted a genome-wide assessment of SNP-gender interactions by statistically examining whether gender could affect an association of each SNP with IA. After controlling for the gender-effect, we identified five promising candidate loci associated with IA, by classifying and applying the best-suited tests for SNPs.
MATERIALS AND METHODS

Study design
We first performed a two-stage GWAS in Japanese IA case-control cohorts. To perform the most powerful and cost-effective study, the top-ranked 1% of the genotyped SNPs of each GWA stage were used for the following stage (1%Â1%¼0.01% of tagged autosomal SNPs). The statistical power, 1Àb GWAS , is estimated to be more than 85% for the two-stage association study, assuming that a GWAS is 2Â10 À7 , the prevalence of IA is 5% in the Japanese population, genotypic relative risk is 1.6 and allele frequency of the polymorphism is 0.45, calculated by the CaTS Power Calculator for two-stage association studies, available on the web site of Center of Statistical Genetics, University of Michigan (Supplementary Figure 1) . 17 Additional statistical tests to examine possible confounding between SNP and gender, and effect modification of the genetic effect by gender were performed (the details are shown below). For the analysis of SNPs modified by gender, we also calculated statistical powers specific for male and female cohorts in the GWAS. These powers (1Àb male and 1Àb female ) are estimated to be more than 18 and 22%, respectively, under the same conditions in which 1Àb GWAS was estimated.
In the final intensified study, we estimated false-positive report probabilities (FPRPs) of associations of the SNPs selected carefully from the GWAS stage by using all available case-control samples including GWAS cohorts to examine which SNPs would be noteworthy to be reported.
Subjects
The Ethics Committees of Tokai University, Tokyo Women's Medical University and Chiba University approved the study protocols, and all the participants gave written informed consent. We recruited a total of 1069 IA patients and 904 controls from the three university hospitals described above and their affiliated hospitals. The 495 cases (48.9%) and 676 controls (74.8%) have been also used in the previous GWAS by Bilguvar et al. 11 Of the cases, 27.7% had familial history of IA, and SAH was observed in 727 cases (68.0%). The female to male ratio of cases and controls were 1.56 and 0.62, respectively. The presence of IA was confirmed by conventional angiography, three-dimensional computed tomography angiography, magnetic resonance angiography or surgical findings, when applicative. Controls were recruited at the time of periodic health examination or from outpatients with conditions other than IAs and/or SAHs, such as idiopathic headache. About 92% of them were examined by magnetic resonance excluding the presence of IA. All the remaining control subjects had no medical and familial history of SAH. Adding them to the control group did not influence genetic frequency in this study (data not shown). The information for lifestyles and hypertension was obtained by a standard questionnaire, and each question was asked and confirmed by a skilled research coordinator and medical doctor (summarized in Table 1 ). Genomic DNA was extracted from peripheral blood or saliva according to the standard protocol.
Exclusion criteria for subjects
In the first stage of the GWAS, 499 subjects (300 patients/199 controls) were genotyped, 920 (460/460) were added to the second stage and the remaining 534 (310/224) were additionally genotyped in the intensified study. We excluded subjects in whom the genotyping call rate was o0.95 and 0.7 in first and second stages of GWAS, respectively.
In the first stage of GWAS, we also excluded subjects who genetically deviated from most other subjects on the basis of the result of multidimensional scaling analysis, which was performed to identify genetic outliers. Furthermore, to detect cryptic relatedness (undiscovered kinship among subjects), probabilities of identity-by-state were estimated for each pair of subjects, and the data sets were reduced so that there was no substantial genetic kinship within four degrees among the remaining subjects. The calculation of identity-by-state probabilities and multidimensional scaling analysis were carried out using the software package PLINK. 18 In the intensified study, we also excluded subjects with a genotyping call rate o0.8.
Genotyping and exclusion criteria for SNPs
In the first stage of the GWAS, genotyping was carried out using the HumanHap300 or HumanHap300-Duo Genotyping BeadChips (Illumina, San Diego, CA, USA), and a total of 312 712 SNPs were tested in both BeadChips. The SNPs were then filtered on the basis of genotyping call rate (495.0% in either two types of BeadChips), minor allele frequency (40.02) and deviation from Hardy-Weinberg equilibrium (Po1.0Â10 À5 ). The X-linked SNPs were also excluded.
In the second stage, the top-ranked 1% of all the SNPs analyzed in the first stage and the newly added 920 subjects were genotyped using the GoldenGate genotyping assay (Illumina). These 2304 SNPs were also quality controlled on the basis of genotyping call rate (490.0%), minor allele frequency (40.01) and the Hardy-Weinberg equilibrium (Po1.0Â10 À4 ). To confirm the concordance of the genotype data obtained on different platforms, 20 of the subjects (10 patients/10 controls) included in the first stage were regenotyped as well.
In the intensified study, the remaining 532 subjects and all the other subjects studied in the previous two stages were genotyped for the 22 SNPs whose P-values ranked 1% of all those analyzed in the second stage using the TaqMan SNP Genotyping Assays (Applied Biosystems, Foster City, CA, USA). We confirmed the reliability of the genotype data by comparing the genotypes of the subjects studied in the previous two stages with those obtained by the HumanHap300/HumanHap300-Duo Genotyping BeadChips or the GoldenGate genotyping assay. The genotype concordance rate of the TaqMan data in the intensified study with the HumanHap data in the first GWAS stage was 99.4% ± 0.5 (mean ± s.d.), and that with the GoldenGate data in the second GWAS stage was 98.9%±1.1.
Statistical analysis
To test for association of each SNP with IA, we assumed an additive (in logodds scale) model. The sex-specific effect modification can be characterized by the large difference of ORs between males and females. We estimated sexspecific OR by using a logistic regression model. Under the null hypothesis of no effect modification by sex, the statistic c, the logarithm of the ratio of these sex-specific ORs, follows asymptotically normal distribution with variance s 2 , the sum of the variances of sex-specific ORs. 19 c ¼ log OR male =OR female % Nð0; s 2 Þ ðaverage s 2 ¼ 0:06 at the GWAS stageÞ
If the test P-value was o0.2, (corresponding to exp(c)¼OR male /OR female 41.37 or o0.73 under the above average s 2 ), which might be large or small enough to consider that the SNP-effect differed between males and females, we stratified our data by sex, tested using each stratum, and defined the SNPs as 'class M' . We supposed that gender was a confounding factor for association between the SNP and IA if the absolute value of the log-ratio of OR adjusted by gender to crude OR is 40.1 (roughly 410% difference of ORs), and defined as 'class C' . The adjusted and crude ORs were calculated using the logistic regression models with and without gender as a covariate, respectively.
For SNPs that were neither modified nor confounded by gender, defined as 'class N' , the Cochran-Armitage (CA) trend test (one degree of freedom) and general genotypic test (two degrees of freedom) were performed. In contrast to the SNPs that were modified by gender, those tests were separately performed in male and female subjects (class M). For the SNPs that were confounded by gender, the Mantel extension test (one degree of freedom), and the generalized Cochran-Mantel-Haenszel test (two degrees of freedom) were performed (class C).
We also examined the validity of the assumption of additivity (in log-odds scale) in the association tests by comparing the logistic regression models with and without dominance effect.
To explore the likelihood that the results represent true associations, we computed the FPRP under different assumptions. 20 The previous probability of a true association was set between 0.01 and 0.0001, as it is regarded as an adequate level for genome-wide scan. 21 We considered that the SNP might be noteworthy when the FPRP was below 0.5 for suggestive association or 0.2 for significant association. 20, 22 
RESULTS
Quality control
At the first stage of the GWAS, genome-wide genotyping in 499 Japanese subjects was performed, and we extracted 250 507 of 312 712 SNPs through the rigorous filtering described above. According to multidimensional scaling analysis based on identity-by-state distance (Supplementary Figure 2) , 12 genetic outliers and 3 related individuals were excluded from the association analysis. Two subjects with low genotyping call rate were further excluded, and samples obtained from a total of 482 subjects were finally used in the first stage study. The detailed numbers of the subjects after filtering through the GWAS stage and the intensified study were shown in Table 1 .
Genome-wide case-control association study In the first stage of the GWAS, 250 507 filtered autosomal SNPs were analyzed in 482 subjects. In the following stage, 1833 filtered SNPs were analyzed in a cohort of 1389 subjects, which included 482 subjects studied in the first stage and 907 who were newly added. The summary of statistical analysis in the first stage is available on the genome-wide association database (https://gwas.lifesciencedb.jp/ cgi-bin/gwasdb/gwas_study.cgi?id=cerebral).
We investigated genetic effects of the filtered 250 507 autosomal SNPs in the first stage, of which 50 740 (20.2%) were modified by gender (class M). We then applied the CA trend test and the 2 d.f. genetic test to each of the sex-stratified data sets (Table 2) . Meanwhile, 32 413 SNPs (13.0%) were confounded by gender (class C). We estimated the association by Mantel extension test and generalized Cochran-Mantel-Haenszel test. For the remaining 167 354 (66.8%), the CA trend test and the 2 d.f. genetic test were applied to the crude data set (class N). We arranged the P-values from all tests in ascending order and recruited the top 2304 SNPs, corresponding to 0.92% of the filtered SNPs, to the second stage. Of the 2304 SNPs, 1043 were from class M, 205 from class C and 1056 from class N. By this screening, we could select out SNPs whose P-values were o0.008.
In the second stage, 920 samples (460 controls/460 cases) were genotyped by GoldenGate assay for SNPs that had passed the first (Table 2) . Of the 22 SNPs, 7 (32%) were selected from class M, 4 (18%) from class C and 11 (50%) from class N.
Intensified study
We performed an intensified study for the 22 SNPs using larger casecontrol samples comprised of the GWAS cohort and additional samples to determine whether these SNPs would be noteworthy to be reported (Table 3) . Specifically, they were genotyped in 1973 samples (904 controls/1069 cases). Following the quality control, we performed a statistical test for each SNP according to the classification at the GWA stages, and additionally calculated FPRPs. We finally identified five SNPs (rs7550260, rs7781293, rs4628172, rs1930095 and rs9864101) whose FPRP values with most stringent previous probability (1 in 10000) were o0. , and thus the association of the SNP with IA was observed only in the male subjects. The P-values of the five SNPs described above were led by CA trend test, and the ORs increased linearly with the number of risk allele. Furthermore, for these five SNPs, we investigated whether the association results were affected by potential confounding factors, gender and hypertension. When performing a multivariate logistic regression with gender and hypertension as covariates, we still observed significant associations of the SNPs (data not shown). In contrast, SNPs in class C and associated only in female subjects had high FPRP values and were weakly or not associated with IA.
DISCUSSION
In this study, we performed a two-stage genome-wide scan in Japanese cohorts, followed by an intensified study, through which we identified five promising SNPs that may be responsible for predisposition to IA. The two SNPs with the second and forth smallest P-value, rs4628172 (P¼1.32Â10 À5 ) and rs7781293 (P¼2.78Â10 À5 ) were located on TMEM195 on chromosome 7. The r 2 linkage disequilibrium between the SNPs was 0.78 in our data set, and their physical distance was 4.1 kb in length. TMEM195 is a member of the fatty-acid hydroxylase family, which has transmembrane domains, although the function is not fully understood. The SNP rs7550260 was located on ARHGEF11 on chromosome 1. The encoded protein may form a complex with G proteins and stimulate Rho-dependent signals. Intriguingly, in rat, overexpression of the ortholog induces the reorganization of the actin cytoskeleton and the formation of membrane ruffling. 23 The SNP rs9864101, whose effect on IA was modified by gender, is located in the gene IQSEC1. ARF-GEP100 protein (ADP-ribosylation factorguanine nucleotide-exchange protein-100 kDa) encoded by this gene activates ADP-ribosylation factor protein, ARF6, and regulates cell adhesion through recycling E-cadherin and remodeling actin cytoskeleton. 24 We speculate that these three products might act in the uniform pathway of actin remodeling with ELN/LIMK 25 in smooth Figure 1 The scatter plot of -log 10 P against all the analysis. The four data sets were plotted in -log 10 P of GWAS. Triangles, diamonds and squares indicate SNPs in class N, M and C, respectively. False-positive report probability under different prior probability. The SNPs with FPRP below 0.5 in 0.0001 prior probability are indicated in bold. muscle cells in blood vessels, and that disturbance of these gene functions might cause IA formation through altering plasticity of the arterial wall. Among the SNPs to which gender acts as an effect modifier or confounder, rs9864101 was the only associated SNP (with FPRPo0.5) whose genetic effect on IA was exerted in males only. Possibly, there was no association between IA and the SNPs in class M and C, except for rs9864101, but their risk allele frequencies or ORs could also have been too low to detect their genetic effects in this study design. In particular, for the SNPs in class M, the data set must be stratified by gender and then the sample size decreased by half. Thereby the statistical power is decreased.
GWAS for intracranial aneurysm
We only focused on gender as a potential confounder or effect modifier of genetic association with IA in this study, because female gender is an established risk factor of IA. The gender is a distinct parameter, thus, it is filled almost entirely and accurately. On the other hand, the lifestyles, that is, smoking habit and frequent alcohol intake, of each individual are unstable over time and not completely described. We did not perform the GWA analysis after controlling for these important risk factors. Therefore, we may overlook SNPs modified and/or confounded by nongenetic factors other than gender. We also recognize the importance of the analysis taking lifestyle risk factors into account at a discovery stage, and thus the analysis is a challenge for the future.
Because Bilguvar et al. 11 have replicated three SNPs significantly associated with IA by using a subset of our Japanese cohort (rs1429412 on chromosome 2q, rs10958409 on chromosome 8q and rs1333040 on chromosome 9p in 495 IA cases and 676 non-IA controls), the SNPs are likely to be true positives. In our study, we tested for association between the three SNPs and IA at the first stage of the current GWAS (194 IA cases and 288 controls) and obtained ORs and 95% CIs for the SNPs as follows: rs1429412, OR¼1.13 (95% CI, 0.79-1.33); rs10958409, 1.20 (0.78-1.53); and rs1333040, 1.29 (0.98-1.72). The ORs were not so different from those in the previous study, 11 but the effect sizes showed no statistical significance. This GWAS has limited power to detect loci with small effect sizes (for example, o10% power to detect common variants with genotypic relative risk of 1.3; also see Supplementary Figure 1 ). We therefore think that this is the primary reason we could not detect the previously identified loci in this study. On the other hand, none of the SNPs identified in this study were associated with IA in Bilguvar et al.' s study (data not shown, personal communication from Professor M. Gunel, Yale University). Although we cannot rule out the possibility of the false-positive SNPs, our findings are suggested to be Japanese population-specific susceptibility variants, and the genes and genetic regions would be powerful candidates for IA-predisposing factors in the Japanese population. To prove this, it will be necessary to carry out more detailed investigations using larger sample sizes of independent sets of Japanese and/or Asian cohorts. We further provided the information of allele frequencies of 1833 SNPs filtered out through the current GWAS (Supplementary Table 1 ). We expect that this is helpful for future studies in search of Japanese-and/or Asian-specific susceptibility loci for IA.
